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Abstract The innovative BoneWelding technology,
where ultrasound energy bonds bioresorbable implants to
bone, was tested for its feasibility in spine surgery and its
local thermal effects. The three tested concepts consisted of
implementation of a resorbable plating system, two con-
verging polymer pins and suture anchors to the cervical
vertebral bodies. Bioresorbable polylactide implants
(PLDLLA 70/30) were inserted ventrally into the third and
fourth vertebral body of seven sheep, of which six were
sacrificed at 2 months and one sheep immediately after
temperature measurements during implant insertion.
Polymer screws were used as controls. Qualitative, semi-
quantitative histological, and quantitative histomorpho-
metrical evaluation showed excellent anchorage of the
implants, new mineralized bone at the implant-bone
interface, no inflammatory cell reaction or thermal damage
to the adjacent bone in response to the novel insertion
technology. The application of two converging pins, par-
allel inserted polymer pins, or fusion of the implant to the
polymer plates did not affect the overall excellent tissue
tolerance of the technology. Temperature increase during
insertion was noticed but never exceeded 47C for less than
1 s. The BoneWelding technology was proven to be safe
and easy to apply.
Keywords BoneWelding  Spine surgery  Resorbable
implants  Cervical spine
Introduction
BoneWelding technology (WW Technology AG, Schlie-
ren, Switzerland) is an innovative and an ultrasound-based
insertion method for bonding bioresorbable and thermo-
plastic polymer pins into bone [1–3]. During insertion the
polymer not only molds into the bone, but also melts and
fuses with thermoplastic plates at the level of the drill
holes, thus increasing mechanical stability toward shear
forces in comparison to conventional screw-plate configu-
rations [4–7]. Surgery time can be considerably reduced by
the BoneWelding technology, since tapping of screw
holes is no longer necessary [8–10]. The BoneWelding
technology is already and clinically used in craniomax-
illofacial surgery in humans (SonicWeld Rx, KLS Martin,
Tuttlingen, Germany) and has largely replaced conven-
tional screw-based osteosynthesis systems [2, 5, 11].
Polymers used for BoneWelding are based on poly-
lactide that have gained popularity as surgical implants also
in spine surgery. Poly-L/DL-lactide 70/30 consist of 70%
L-lactide and 30% D/L-lactide and show good biocompati-
bility [12, 13] in many tissues [14], among them nerves and
dura mater [15, 16]. Due to the amorphous character of the
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polymer no tissue irritating crystalline products are formed
during degradation by means of hydrolysis [17, 18]. Deg-
radation time is between 18 and 36 months [19–21].
In spine surgery resorbable polymer implants are con-
sidered attractive alternatives to conventional metallic
implants for various reasons. Degradation of implants
renders a second surgery for implant removal unnecessary
[22]. Implant loosening of metallic implants is a clinically
serious complication requiring subsequent surgical removal
of these implants [23–28]. Removal of metallic implants in
the spine due to instability or dislocation may leave a
serious deficit leading to instability of the spine [29, 30].
For young patients, removal of metallic implants is nec-
essary to avoid premature closure of growth plates. The
fact that resorbable implants are degraded and require no
second surgery is very attractive in spinal surgery from a
medical, financial and psychological standpoint [22, 31,
32].
At the same time resorbable polymers may be contra-
indicated in cases of high mechanical load and/or move-
ment, since degradation may be enhanced and occurring
faster as new bone formation takes place, thus loosing the
load bearing function of the implant prematurely. How-
ever, the degradation time of PLDLLA 70/30 fits well with
the time frame of bone healing, such that new bone for-
mation is not impaired [12, 20, 22, 33, 34]. Furthermore,
their radiolucent properties are seen as an advantage for
postoperative and follow-up radiographs or CT studies
compared to metal implants [23, 33, 35, 36]. So far, suc-
cessful implantations of PLDLLA 70/30 spinal cages in
experimental sheep [37, 38] or goat [39, 40] as well as
clinical application in human spines [33, 41–43] were
reported. Furthermore, plates and screw systems for ante-
rior fusion of vertebral bodies also yielded favorable results
[2, 23, 33]. Last but not the least, resorbable polymers were
already used as suture anchors for laminoplasty [31].
The goal of this study was to add another dimension to
the use of bioresorbable polymer implants in spine surgery.
The BoneWelding technology was used for three different
concepts of implant applications in the vertebral body: A
pin-plate construct for bone fragment fixation, a single pin
for multipurpose and angle-free anchoring and an anchor
pin for suture fixation. The choice of concepts aimed to
evaluate the impact of the insertion procedure with a
potentially increasing risk of bone reaction with lower
inter-implant distance and larger implant dimension. From
this perception, the pin-plate concept was subdivided into
(1) a triangular polymer plate with one single pin (mono) in
a safe distance to other implants [3], (2) two parallel (duo)
pins (Ø 3.0 mm) in proximity to each other (3 mm) and,
(3) two converging pins (Ø 3.5 mm). These configurations
seemed to represent a worst case scenario with the distal
melting zones of the implants overlapping each other. The
small suture anchors (Ø 1.6 mm) were not expected to
mean a risk itself, but in combination with a resorbable
suture thread and a polymer with a higher melting tem-
perature than the market approved version (70/30 PLDLLA
instead of 50/50 PLDLA of the SonicWeld Rx pins of KLS
Martin, Tuttlingen, Germany) demand to be evaluated in
the vertebral body.
The study was based on the hypothesis that BoneWel-
ding technology is suitable and even advantageous for all
three concepts of spinal implants for ease of application. In
addition, it was also hypothesized that neither the combi-
nation of duo pins in close vicinity nor fusion of plate and
pins during insertion would cause thermal damage to the
bone and thus, jeopardize the overall safety of the inno-
vative technology.
Materials and methods
A bioresorbable Co-Polymer L-lactide and DL-lactide was
used in this study. The polylactide acid (PLA) consisted of
70% L-lactide and 30% DL-lactide (Resomer LR708,
Bo¨hringer Ingelheim, Germany). Several types of implants
were used as depicted in Fig. 1.
Screw/pin-plate fixation (group A):
Triangular plate. The dimensions of the triangular plate
were 19.5 mm in length, 12.5 mm in width and 2.0 mm in
thickness. The distance between the centers of both holes
a
b
c
Fig. 1 The picture shows the implant system a Pin-plate system
(group A) of a triangular plate, BoneWelding pins and screws as
control; b BoneWelding pins (3.5 mm diameter) for double impact
converging insertion (group B); c BoneWelding pin and a screw
type control type suture anchors (group C)
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in the base was 5.5 mm. Four equally distributed holes of
0.5 mm diameter were placed around these larger screw/
pin holes at a 90 angle serving as guide holes for ther-
mocouples. The two 3/8 circular impressions on the plate
were designed for attachment of grip holders. The plate
was fixed with either PLA screws or pins through the
3.2-mm holes to the ventral side of the cervical vertebrae.
The 3.0-mm polymer pins were cylinders with grooves at
the conical tip. The pin had a wider end part that formed
the connection to the ultrasonic instrument. The connection
was cut-off after ultrasonic insertion. The diameter and
amount of material of the polymer pin were constructed
such, that after bone welding the centripetal dimension was
similar to the polymer screw.
The 3.2-mm screw (3.2 mm diameter, 12.0 mm length)
served like the polymer pin for fixation of the triangular
plate to the bone.
Convergent implantation (group B)
The 3.5-mm pin had a diameter of 3.5 mm throughout, but
otherwise was similar to the 3.0-mm pin.
Suture anchors (group C)
The suture anchor polymer pin was also cylindrical in form
with a shaft length of 6 mm and a diameter of 1.6 mm.
Shaft was designed in 6 trilobules. The tip (Ø 1.4 mm) was
dove-tailed to take-up the suture thread before ultrasonic
insertion.
Suture anchor screws were more or less identical to the
suture anchor pin (7 mm length, 1.6 mm diameter with a
conical tip diminishing the diameter to 1.0 mm). The head
was 3.2 mm in diameter with a height of 1 mm.
Ultrasound device
Depending on the size of the implants different ultrasound
devices had to be chosen. For the larger polymer pins
(Group A and B) an ultrasound device was used that works
with a frequency of 20 kHz and maximal power of
150 watts (Branson ‘‘LPe’’, Branson Ultrasonics SA, Car-
ouge, Switzerland). Instead, the 1.6 mm PLA-pins (Group
C) were inserted using a Sonic Welder Rx (KLS Martin,
Tuttlingen, Germany, 29.5 kHz, max. power 20 watts). At
insertion the ultrasound devices transmit their energy to the
polymer implants such that they start to vibrate (Fig. 2).
The energy delivery has to be adapted to the size of the
implants and the insertion conditions, since otherwise
melting of only the surface cannot be maintained.
Study design
A total of seven adult, female Brown Headed Mutton sheep
were used ranging from 63 to 103 kg (mean 87.5 kg) body
weight and 1.5–3.5 years of age (mean 2.8 years). Six
sheep were observed for 8 weeks after implantation, while
one sheep was immediately euthanized still in anesthesia
after temperature measurements during insertion of the
implants. Implants were inserted in the third and fourth
cervical vertebrae of each sheep. Of the six surviving sheep
three animals were used to introduce the triangular plates
(group A) while the other three sheep received implants of
groups B and C. The one sheep used for the acute terminal
experiment of temperature measurement received all
implants of group B.
All animal experiments were performed according to the
principles of laboratory animal care (NIH publication No.
86-23, revised 1085) and Swiss laws of animal welfare and
Fig. 2 The figure explains the BoneWelding technology principle
a polymer pin attached to the ultrasound device ready to be inserted in
prepared drill hole; b friction due to ultrasound causes phase-changes
(solubilization) at the surface of the implant and contact to bone;
c melted polymer intrudes into bone cavities; d seconds after
ultrasound application the polymer hardens and creates large contact
area to bone, which is the reason for the immediate and excellent
biomechanical implant stability
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were authorized through the local federal authorities
(authorization # 137/2006). The distribution of implants
between vertebrae and animals was made according to the
three concepts of implant insertion (Fig. 3; Table 1).
Management of sheep
All sheep were chosen from our laboratory’s own sheep
herd, which is routinely checked for its health status. Ten
days before surgery sheep were adapted to their new
environment close to the surgical facilities. Prior to surgery
sheep were fasted for 24 h with water ad libitum.
Surgery
Sheep were routinely sedated and anesthetized [xylazin
(Rompun; 0.1 mg/kg KGW i.m.; Bayer, distributor Pro-
vet AG, Uznach, Switzerland; ketamine (2 mg/kg KGW,
i.v., Narketan, Vetoquinol AG, Belp- Bern, Switzerland);
diazepam (0,1 mg/kg KGW, i.v.; Valium; Roche Pharma
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Fig. 3 The schematic drawing
pictures the implant concept
a triangular plates, mono- and
duo screws of group A;
b converging pins of group B;
c suture anchors of group C;
arrangement of thermocouples
around pins of group D
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AG, Reinach, Switzerland); propofol (Propofol-Lipuro,
2–4 mg/kg KGW, i.v., 1% glass ampules B. Braun, Mels-
ungen AG, Germany) and maintained with inhalation
(isoflurane to effect (Florene, Abbot AGA, Baar, Swit-
zerland)]. Analgesia was maintained for 4 days [Carprofen
(4 mg/kg KGW i.v.; Rimadyl, Pfizer, Dr. Gra¨ub AG,
Bern, Switzerland; Buprenorphin (0.01 mg/kg; i.m.; Tem-
gesic; Essex Chemie AG, Lucerne, Switzerland)], while
perioperative prophylactic antibiotic and analgetic therapy
consisted of benzylpenicillin (30,000 IU/kg KGW i.v.,
Penicillin ‘‘Gru¨nenthal 10 Mega’’; Gru¨nenthal GmbH,
Aachen, Germany), Gentamycin (6 mg/kg KGW; i.v.,
Vetagent, Intervet, Veterinaria AG, Zu¨rich, Switzerland).
The sheep were placed in dorsal recumbency with the
head and neck slightly overstretched dorsally to expose the
ventral aspect of the cervical vertebrae. A routine approach
with paramedian and blunt dissection between the stern-
ohyoid and sternomastoid muscles allowed direct access to
the ventral aspect of the cervical vertebral bodies.
The PLA-triangular plate-pin combination (Group A)
was placed on the left side of the ventral crest of the ver-
tebral body using custom made drills and plate guides. A
sleeve was inserted to drill a 2.5-mm drill hole with 10.0-
mm depth. A metal pin was inserted securing the plate to
the bone while the second, respectively, third holes, were
drilled. The plate and drill guide was removed and the
cortex opened using a 3.2-mm drill, thus, creating a step-
ped drill hole. This was done to move the major melting
zone of the polymer pins from the cortical to the cancellous
bone. A special plate holder facilitated keeping the trian-
gular plate in place. The metal pins were again used to
secure the position while the three pins were inserted. The
depth of pin insertion was controlled through adding a
mark at 10.0 and 12.0 mm measured from the tip of the
pin. A pin cutter was used to shorten the inserted pins to a
level where they protruded ca. 2 mm above the plate. The
same procedure was repeated on the left side of the fourth
cervical vertebra.
The triangular plate–screw combinations (group A)
were placed on the right side of the third and fourth cer-
vical vertebrae in a similar pattern except that a 2.7-mm
drill bit was used to drill the 10.0-mm deep holes and a
3.2-mm tap to cut the threads before the screws could be
inserted with a screw driver.
Table 1 Distribution of implants and groups including subgroups are listed
Group Subgroups Implant Distribution No. of
implants
Sheep
A
Plate fixation: triangular
plate fixed with
PLA-pins
PLA-screws
A1
Duo pin
PLA-pin Ø 3.0 mm 2 pins parallel through triangular plate 12 2236
2237
2238
A2
Duo screw
PLA-screw Ø 3.0 mm 2 screws parallel through triangular plate 12 2236
2237
2238
A3
Mono Stift
PLA-pin Ø 3.0 mm 1 pin singular through triangular plate 6 2236
2237
2238
A4
Mono screw
PLA-screw Ø 3.0 mm 1 screw singular through triangular plate 6 2236
2237
2238
B
Converging pins
PLA-pin Ø 3.5 mm 2 converging pins 24 2239
2240
2241
C
Suture anchors
C1
Suture anchor pin
PLA-pin Ø 1.6 mm 1 pin single with suture 6 2239
2240
2241
C2
Suture anchor screw
PLA-screw Ø 1.6 mm 1 screw single with suture 6 2239
2240
2241
D
Temperature measurements
PLA-pin Ø 3.5 mm 2 converging pins 8 2242
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Two pairs of converging implants of (Group B) were
implanted per vertebra, in C3 and C4, in the cranial and
middle aspect of the cervical vertebra with the most proximal
pins at 5.0 mm distance caudally to the proximal border of
the bone to avoid penetration into the disk space. A custom-
made drill guide allowed symmetrical positioning of the two
converging pins at a 70 angle from both sides of the verte-
bral body with the medial crest as division. Drill holes of
6.0 mm depth were prepared with a 2.7-mm drill bit. Again
metal pins were inserted to guarantee placement of the drill
guide while drilling the second hole. The drill guide was
removed and the cortex opened using a 3.5-mm drill, creat-
ing a stepped drill hole. The insertion procedure was analo-
gous to the pins of group A, and the protruding pins were cut
also at a 2-mm distance from the bone surface.
After creating a stepped drill hole (1.4 mm to open the
cortex, 1.0 mm for the distal shaft, drill depth 8 mm), the
suture anchor pins were mounted on the ultrasound device
(Sonic Welder Rx; KLS Martin, Tuttlingen, Germany).
Thereafter, the suture thread (Polyglactin, Vicryl, CT-2
plus, V333; Johnson & Johnson Intl., Brussels, Belgium)
was placed in the groove at the tip of the pins and intro-
duced into the drill hole with the pin. Drill holes of 8-mm
depth were prepared with a 1-mm drill bit. During the
insertion process the suture was molded into the pin. The
rest of the suture was cut and excessive polymer material at
the side of the pinhead removed with a scalpel blade.
Instead, the suture anchor screws were inserted after tap-
ping of the drill hole and tightened. Also here, the
remaining suture material was cut.
The wound was closed through suturing the plane
between the sternohyoid and sternomastoid muscles and
subcutaneous tissue in a continuous pattern using resorb-
able suture material (Polyglactin; Vicryl 2/0; Johnson &
Johnson Intl., Brussles, Belgium). The skin was closed with
staples (Davis ? Geck Appose ULC; B. Braun Aesculap
AG, Tuttlingen, Germany).
Postoperative management
Postoperative ventrodorsal radiographs (mobile X-ray
machine; KV: 74; 2.5 mAs) of the cervical spine were
taken with the animals still in anesthesia to identify the
positions of the various implants. The animals were kept in
groups of three in small stalls for 10–14 days, when also
skin staples were removed. Thereafter, they were allowed
to roam in the pastures for 2 months until sacrifice. They
were slaughtered at the University’s own slaughterhouse.
Harvesting and preparation of bone samples
After slaughter the cervical spine was harvested and
inspected macroscopically for signs of inflammation or
other changes. Surgery sites were documented photo-
graphically (Digital-Foto Sony DSC–R1, Sony Corpora-
tion) as well as qualitatively evaluated. Thereafter,
ventrodorsal and lateral radiographs of the spinal column
were taken (55 kV, 5 s, 3 mA; Faxitron X-ray systems,
Hewlett Packard, Mc Minnville Division, Oregon, USA).
Using a special band saw (Kolbe Maschinentechnik
GmbH, Elchingen, Germany) the implants and adjacent
bone tissue were excised and a custom-made holding
device fixed in a minitome (Minitom, Precision saw,
Struers A/S, Ballerup, Denmark) was used for cutting the
bone specimens in a parallel plane to the implants. Addi-
tional faxitron radiographs in two planes were taken
(35 kV, 9 s, 3 mA) to detect possible sclerosis and/or bone
resorption adjacent to the implants. Bone blocks were fixed
in 4% buffered formaldehyde for 1 week before further
preparation for histology as non-decalcified specimens and
embedding in methylmetacrylate [methacrylacid-methy-
lester (Fluka Chemie GmbH, Buchs, Switzerland), dibu-
tulylphtalat (Merck-Schuchard OHG, Hohenbrunn,
Germany), Perkadox 16 (Dr. Grogg Chemie G, Stetten,
Switzerland)] [44, 45]. Blocks were finally mounted
(Technovit, Leica Instruments GmbH, Nussloch Germany)
on plastic frames that allowed sectioning in a precision saw
(Leica SP1600, Leica Instruments GmbH, Nussloch,
Germany).
Ground sections (30–40 lm) and thin sections (5 lm) of
group A were cut in three different planes (Fig. 4). The
implants of group B were cut once in the longitudinal axis
of both pins of the pair. Implants of group C were cut in the
transverse axis. Before the 400-lm sections were glued
(Cementit CA 12; Merz ? Benteli AG, Niederwangen,
Switzerland) to the Acropal slides, microradiographs were
taken using a high-resolution film (Fuji Photo Film Co.,
Ltd. Tokyo, Japan) and the faxitron equipment (27 kV,
11 s, 3 mA).
Ground sections were etched with formic acid and sur-
face stained with toluidine blue, whereas thin sections were
deplastified with methoxyethylacetate (Merck AG, Swit-
zerland) and then stained either with toluidine blue,
hematoxylin/eosin, or von Kossa/McNeal tetrachrome.
Ground and thin sections of group B were cut also
longitudinally using the precision saw. The ground sections
allowed the histological evaluation of the two converging
pins at the tip. Specimens of group C were placed with their
cranial part ‘‘face-down’’ into the Teflon molds and cut in a
transverse plane at 2 mm distance. Ground and thin sec-
tions were cut in the same plane.
Histological evaluation
Qualitative, semi-quantitative and quantitative (histomor-
phometry) evaluation of histological sections was
1826 Eur Spine J (2011) 20:1821–1836
123
performed using a light microscope (MDL 404097, Leica
Instruments GmbH, Nussloch, Germany).
Evaluation variables using the thin sections included
new bone formation, implant positioning and degradation,
tissue reaction of adjacent bone and fibrous capsule for-
mation. In addition, positioning of the implant within the
transverse foramina and structures thereof, such as the
vertebral vessels and nerves (a., v., n. vertebralis) was
studied. Surgery related damages to the latter structures
were assessed in thin sections stained with HE. The degree
of mineralization was assessed in thin sections stained with
van Kossa/McNeal. Scores for semi-quantitative evaluation
were given for insertion (0 = incomplete, 1 = complete),
positioning of the implant in vertebral foramen (0 = no,
1 = yes) and grade of mineralization (0 = \70%;
1 = 70%; 2 = 80%; 3 = 90%; 4 = 100%).
Cellular reaction to the implants was assessed semi-
quantitatively using the thin sections stained with HE. Thin
sections were viewed in a 409 magnification and scores
were given for presence, respectively, absence of cells.
Focus was placed on polymorph nuclear granulocytes,
lymphocytes, plasma cells, macrophages and giant foreign
body cells. If available, four compartments were evaluated:
the bone-implant interface (I); the remodeling zone (II),
bone-fibrous tissue contact zone (III) and fibrous tissue
adjacent to the implants (IV). Numbers of cells within the
different compartments were scored according to ISO
10993-6 (2007) with 0 = none, 1 = 1–5 cells, 2 = 6–10
cells, 3 = 11–15 cells, 4 = 16–50 cells and 5 = [50 cells/
implant.
Histomorphometrical evaluation was performed on
ground sections using a macroscope (Leica M420, Leica-
microsystems, Glattbrugg, Switzerland), where a digital
camera was mounted (Leica DFC 320). Each implant was
photographed and computed using the appropriate software
(Leica IM 1000) in TIF format (2,088 9 1,400 Pixel). An
overview of the implants and the adjacent bone was cap-
tured in addition to the bone section between the implants
and the tips of the converging pins/screws of group B. The
extent of bone remodeling in longitudinal and transverse
sections was also measured using measurement tools
integrated in the image database software (Fig. 5). The
bone remodeling distance was defined as the distance
between drill hole edges and the most distant remodeling or
new bone formation around the implant. In case of double
implants [duo-implants (Group A) and converging pins
(Group B)] the central area between the two implants was
measured separately. Additional measurement of the width
between the implants was performed, where the two central
remodeling distance lines were crossing. The distance
between the duo pins/screws of group A was quantified by
measuring the entire distance between the drill hole edges.
Statistical evaluation
Statistical analyses were performed using the software
program SPSS (MacIntosh, OS X, Version 16.2, Chicago,
IL). The quantitative histomorphometrical data and the
semi-quantitative scores were subjected to parametrical
factorial analysis of variance (ANOVA), where overall
differences between groups were assessed. The post hoc
tests according to Scheffe´ and Bonferroni allowed evalu-
ating individual differences between groups. p val-
ues \0.05 indicated statistically significant differences.
Temperature measurements
The temperature increase within the adjacent bone was
measured in vivo (8 trials) during insertion of the 3.5
polymer pins (group B) using one sheep in a terminal
experiment. The surgical procedure was identical to all
other sheep, except that two extra-drill holes with a
diameter of 0.55 mm for insertion of the thermocouples
were made at 1.0 mm distance to the pins. A special,
custom-made drill guide was prepared, which could be
inserted in the previously prepared drill hole for the pins.
The 0.55 mm drill holes for the thermocouples were placed
at 180 to each other. The small thermocouples (covered
thermocouples type J, Ø 0.5 mm, IEC 584, Class 1, Roth &
Co, Oberuzwil, Switzerland) were inserted before welding
of the pins. A reference 0.55 mm drill hole was created in a
vertebra at 15 cm distance to the site of pin insertion. The
thermocouples were connected to a datalogger (Data
Acquisition Unit Agilent 34970A, Agilent Data Logger
Software v.3 on MS Windows XP, Agilent Technologies,
Fig. 4 The diagram illustrates the planes of sectioning for histology
of group A: a longitudinal section through duo pins/screws;
b transverse section of mono- and duo pins/screws; c longitudinal
section through mono pins/screws
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Inc., Santa Clara CA, USA) that was equipped with a
specific software program (Agilent Data Logger Software
v.3 on MS Windows XP). Ten measurements per second
were acquired and the following parameters were studied:
duration of ultrasound application (t ultrasound), duration
until maximal temperature increase was reached (t to DT
max), maximal temperature difference (DTmax) and tem-
perature difference after 60 s. (DT60sec). Median values
including standard deviations were calculated and graphi-
cally displayed as boxplots.
After all pins were inserted the animals were sacrificed
under anesthesia and the spine was harvested. Each sample
was divided in half through the center of the pins to
evaluate polymer distribution to the adjacent bone. An
attempt was made to divide the samples in the plane of the
small drill holes of the thermosensors. Thereafter, the
surface of the bone was surface stained with toluidine blue.
The temperature measurements were also performed ex
vivo in a similar setup in fresh cadaver material as
described elsewhere [46, 47].
Results
Surgery
All animals could be operated without complications.
The custom-made instruments (WW Technology AG,
Switzerland) guaranteed precise and repeatable positioning
of all implants. Generally, the BoneWelding technology
allowed faster insertion compared to the screw controls,
since no additional tapping was required. In three instances
(1 group A, 2 in group B) a second pin had to be ultra-
sonically inserted since melting did not occur at the first
instance. When pins were replaced insertion went smooth
and without complications.
Insertion of pins of group A and B went smooth and pins
welded nicely not only into the bone but also with the plate.
Insertion of screws was routine. Implantation of suture
anchors (group C) caused more problems. This was true for
both, the pins and screws. While the small pins were
diverted in their direction in cases of complication,
breakage of the screw heads occurred during insertion (5/
6). The suture material caused a narrowing of the drill
holes that resulted in increased force application with the
screwdriver and subsequent breakage of the screw head.
Nevertheless, two suture anchors either with a pin or screw
could be inserted in each vertebral body without compli-
cations. The 3.5-mm pins of group D (measurements of
temperature) could also be inserted without problems.
However, after successful insertion, in two instances the
pins could not be detached easily from the ultrasound
instrument and had to be cut.
Postoperative phase
All animals recovered without complications and ambu-
lated without signs of neurological deficits. Small seromas
were present at the ventral aspect of the wound during the
first days after surgery. However, they subsided within a
week and primary wound healing was achieved in all
animals.
Radiographs
Postoperative radiographs showed correct positioning of
pins and screws in all animals. Since the polymer implants
were invisible in radiographs, positioning was determined
according to the position of the drill holes. No changes of
bone density or structure could be detected in the vertebral
bodies. In contrast, a radiodense line of 0.5 mm width
indicating new bone formation was observed around the
Fig. 5 The histology sections show the measurement lines for
histomorphometrical evaluation of the maximal bone remodeling
distance: Lines a for conical pins/screws (group A), b converging pins
(group B), and c for transverse section of implants of all groups. Pink
lines mark the boundary of cortical remodeling, green lines the
boundary of trabecular bone remodeling
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implants at the time of sacrifice in groups A and B,
although in group B this line was more visible at the
peripheral aspects of the converging pins. Drill holes of
group C were barely identifiable. In one sheep a slight
callus was recorded at the ventral aspect of the most caudal
and cranial vertebral body.
Macroscopic evaluation
Macroscopic appearance was uneventful in all instances
such that no signs of inflammation were present at the time of
sacrifice (Fig. 6). The pins and screws of group A and B were
all firmly seated in the vertebral bodies. The implants could
easily be located and cleansed from the tissue before further
processing for histology. Instead, the suture anchors were
much harder to find. 4/6 pins and 2/6 screws were located as
an entity and cut as anticipated. Nevertheless, the transverse
sections of the suture anchors could be cut in the correct
plane. The vertebrae of group D could be cut longitudinally
and polymer infiltration into the adjacent cancellous struc-
ture was easily visible, especially at the transition between
cortex and cancellous bone. The polymer filled mostly the
adjacent bone marrow cavities close to the implant.
Microradiographic evaluation
Microradiographs revealed identical patterns in radioden-
sity as found in new bone formation of ground sections
stained with toluidine blue. Also, calcification of new bone
could be confirmed right up to the implants. Therefore,
separate evaluation of microradiographs was not performed.
Histology
Qualitative evaluation
Bone formation and remodeling at the implant surface was
observed along all implants. Due to solubilization of the
polymer during preparation (infiltration with methylmet-
acrylate) the implants themselves were not always present
or visible within the bone samples. However, since pres-
ervation of the adjacent tissue in its original structure is
maintained in plastic sections, their margins could easily be
identified in ground and thin sections. Direct contact
between implant and bone was normal. While samples with
screws showed a clear interface between the original thread
and bone, respectively, fibrous tissue, infiltration of the
polymer into the adjacent structures was seen in samples
with bone-welded pins and most prominent with the 3.5-
mm pins of group B (Fig. 7). Opened bone marrow cavities
that were not filled with polymer were usually filled with
new woven bone (Fig. 8a–c). Insertion of pins/screws of
group A was not always complete (ca. 2–3 mm protrusion)
for duo pins (5/12) and screws (1/12), whereas the mono
pins/screws were always completely inserted. There, sig-
nificant differences were found between 3.5 and 3.0 mm
PLA-pins (p = 0.015). Insertion completeness could not be
assessed in the transverse sections of the suture anchors.
Two laterally placed duo pins extruded ventrally at the
transverse processes into the fibrous tissue. In addition, half
of the pins and screws of group A were protruding into the
transverse foramina of the vertebral bodies with their tips.
These foramina showed a denser granulation tissue and less
fat cells compared to their counterparts, where no implant
tip was positioned. However, in all cases the vertebral
veins, arteries and nerves were still intact. Granulation
tissue was found close to the tips each, a screw and a pin,
and in two cases the medial layer of the artery or nerve
tissue showed vacuoles (1 pin/1 screw).
With all implants no fibrous capsule or signs of bone
necrosis were found. Degradation of the implants was also
not demonstrated. In thin sections stained with von Kossa/
McNeal mineralized bone was observed at the bone-
implant interface with the implants of all groups.
Histomorphometrical evaluation
Mean values with standard evaluations are depicted in
Table 2. The width of the bone remodeling area was highest
in implants of group B, where the central cortex in between
the two pins was significantly more remodeled compared to
the other duo-implants (p \ 0.0001). Furthermore, the 3.5-mm
pins of group B showed a significant higher remodeling
Fig. 6 Macroscopic appearance of implants at the ventral aspect of
the third (C3) and fourth (C4) cervical vertebral bodies after sacrifice
shows no signs of inflammation. a Triangular plates with welded pins
at the left and screws at the right were firmly seated in the vertebral
bodies. b Also polymer pins of group B were stable and easily
identifiable (arrows). Suture anchors pins and screws of group C were
already partially overgrown by periosteal bone formation (asterisk)
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area at the peripheral cortex compared to the duo pins
(p = 0.042) and duo screws (p = 0.025). The mean values of
the duo pins and screws of group A were very similar. Also
with the single pins/screws of group A no differences were
found, although the pins showed a tendency for increased
cortical remodeling. The central cancellous bone between the
converging pins of group B showed a similar pattern such that
the remodeled area width was significantly higher compared
to the duo pins and screws of group A (p \ 0.001). Again, the
values between the duo screws and pins of group A did not
differ. The width of remodeled bone around the 3.5-mm pins
of group B was also significantly higher in comparison to all
other groups (p \ 0.0001), except to the group of the suture
anchor pins, where differences were less significant
(p = 0.021). The only groups that were not significantly
different to the converging pins of group B were the suture
anchor screws. No statistically significant differences were
found in all other groups, although there was a tendency for
the single pins and screws of group A to be lowest, whereas all
other groups were settled between the converging implants of
group B and the single pins of group A.
The width of the central space between the converging
pins of group B at the meeting points of the remodeling
lines was 4.0 ± 0.9 mm, and 2.9 ± 0.5 mm for the duo
screws and 3.1 ± 0.4 between duo pins of group A.
Histology, semiquantitative evaluation of cellular
reaction
The mean values of the four evaluated compartments were
low (mean score \ 1) and similar in all cases. Therefore, in
this report only mean values of all four compartments are
presented in most instances (Table 3). No basophilic
granulocytes and also very few neutrophils were present
such that most scores reflect the presence of eosinophilic
granulocytes. Often the granulocytes were found within or
close to vessels. The highest values were found for the
suture anchors of group C (pins/screws), followed by the
converging pins of group B and duo pins of group A. The
lowest values were found for the mono screws of group A.
Lymphocytes were variable within the four compartments
showing the highest scores in compartment A (bone-
implant contact) for mono pins/screws and the converging
pins. Statistically significant differences were found
between mono pins and duo pins of group A (p = 0.017).
Nevertheless, the mean values of lymphocytes in all four
compartments were very low for all implants, again, with
the highest scores for the suture anchors (pin and screws)
of group C. The scores for plasma cells were very low in
all groups with zero values for the suture anchor groups of
group C. Mean values for macrophages were also low and
generally \1. Only in compartment D higher values were
recorded for converging pins of group B. In compartment B
statistically significant differences were found for mono
pins and screws of group A compared to the other groups
(p \ 0.031). The highest scores were found for mono pins
and screws of group A followed by the converging pins of
group B, duo pins and screws and last the suture anchors
(pins/screws). Hemosiderin was identified in macrophages
of the converging pins as a result of erythrocyte degrada-
tion. Also scores for giant foreign body cells were low
(\1). The highest values were found for the suture anchors.
Fig. 7 Longitudinal sections through duo pins (a) and screws (b) of
group A show good implant integration in vertebral bodies and are
easily distinguished by clear threads in case of screws. The
converging pins (group B) reveal excellent positioning and good
infiltration with polymer (c) Transverse sections of duo and mono
pins (d) and screws (e) show similar good new bone formation
immediately adjacent to the implant surface
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Temperature measurements
Measuring of temperature during pin insertion went with-
out complications. The maximal temperature increase
during insertion was 11.3 ± 3.7. The bone temperature
was 4.0 ± 2.5C higher at 60 s after beginning insertion.
The duration of insertion was 2.5 ± 0.3 s and the bone
reached its maximal temperature after 4.8 ± 1.5 s (Fig. 9).
Discussion
This study demonstrated that bone BoneWelding tech-
nology can successfully be used also in spine surgery and
thus for variable concepts. Ultrasound insertion of 3.0 mm
mono or duo pins in combination with a triangular plate, or
as 3.5 mm converging pins were well tolerated by the
adjacent vertebral bone, even when pins were positioned
close to each other. Furthermore, insertion of small suture
anchors in combination with a suture thread showed that
the suture material could be well kept in place by melting
into the polymer. Last but not the least, temperature mea-
surements during ultrasound insertion of 3.5-mm pins
recorded a maximal temperature increase of 11.3C, and
for only a very short time (\1 s). Temperature increase
never exceeded 47C.
Three different concepts for the use of BoneWelding
technology in combination with biodegradable implants in
spine surgeries were investigated in this study. While
biodegradable implants per se are already used in other
experimental studies [22, 38, 48, 49], as well as clinically
in humans [23, 33, 34, 50, 51], fixation of these implants is
still based on more conventional techniques as preparing
drill holes with a tap for insertion of—in this case also
mostly—degradable screws. The use of BoneWelding
technology was already reported successfully in the tibia
using polymer pins and metal pins enhanced with polymer
anchorage [3, 46, 47], or also dental implants [1]. However,
this is the first report of using this technology for spinal
implants. The three different concepts that were followed
with applying BoneWelding technology in spine surgery
were based on already used clinically successful systems of
resorbable polymer implants [31, 34, 38, 52]. Therefore,
the focus of this study was placed not on the implant
materials or biomechanics of using such implants, but on
different impact levels and related risk considerations of
the innovative and clinically very attractive insertion
technology. Ultrasonic fusion of implants (group A), bone
(pins) and suture material for spinal surgery was novel and,
as results demonstrated, safe to use and did not interfere
with bone healing or implant fixation.
Sheep served well as experimental animals in this study
in many aspects. Most important issues are the size of the
animals and their similar bone metabolism. The use of two
adjoining vertebral bodies was easily possible and did not
interfere with results, but allowed reduction of animal
numbers while still receiving statistically meaningful data.
The time point of 2 months was selected based on earlier
experiments, where new bone formation and biocompati-
bility and osseointegration issues or consequences of bone
necrosis could be easily studied [3, 53, 54].
As for the surgical procedures, the BoneWelding
technology proved successful also for indications in the
spine. In fact, application of the pins inserted with ultra-
sound was faster and technically easier compared to
screws, where drill holes needed tapping before insertion of
the screws. The technical procedure for the implantation of
the triangular plate was well conceived and allowed
a b 
c 
* 
* 
Fig. 8 Close-up view of adjacent new bone with the implants of
group A and B shows excellent new bone formation (dark bone
matrix) within the bone marrow cavities, where no polymer intruded
(arrowheads). When polymer was present (asterisk) new bone
formation was less pronounced and limited to the trabecular surface.
Pictures represent a the duo pins, b the duo screws of group A and
c converging pins of group B
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accurate positioning of the pins or screws. The same was
true for the other implants of group B and C. Furthermore,
insertion of suture anchors caused breakage of the head due
to excessive torque when screws were inserted with the
suture material in place. Instead, suture threads incorpo-
rated smoothly into the melted polymer. Breakage of screw
heads had already been reported as a problem using poly-
mer screws, even without the additional challenge of
introducing suture material at the time of screw insertion
[2]. The incomplete insertion of some of the mono- or duo
pins of group A could be due to several reasons, of which
the most simple could be that the surgeon stopped ultra-
sound application too early. It could also be that melting
and fusion of the pins to holes of the triangular plate
inhibited further insertion of the polymer implant. Since
this never occurred with correct application in vitro, we
Table 2 Mean values of the histomorphometrical evaluation are given
Subgroup Group Width of remodeled bone (mm)
Cortex central Cortex periphery Cancellous bone central Cancellous bone
periphery
A1
Duo PLA-pin
A 1.18 ± 0.4 1.35 ± 0.2 1.11 ± 0.3 1.22 ± 0.3
A2
Duo screw
A 1.22 ± 0.1 1.33 ± 0.2 1.13 ± 0.2 1.24 ± 0.3
A3
Mono PLA-pin
A 1.77 ± 0.2 1.12 ± 0.2
A4
Mono screw
A 1.55 ± 0.1 1.12 ± 0.2
B
PLA-pin (Ø 3.5 mm)
B 1.79 ± 0.4 1.79 ± 0.6 1.75 ± 0.5 1.72 ± 0.4
C1
Suture anchor pin
C 1.22 ± 0.2
C2
Suture anchor screw
C 1.44 ± 0.4
Note that the width of remodeling could not be measured with all implants, since due to the section plane not all structures were visible
(e.g. cortex)
Table 3 Mean values of the semiquantitative evaluation of cellular reactions to the implants are presented
Subgroup Group Mean values of cellular reaction scores
Polymorph nuclear granulocytes Lymphocytes Plasma cells Macrophages Giant foreign
body cells
A1
Duo PLA-pin
A 0.38 ± 0.9 1.08 ± 1.2 0.15 ± 0.4 0.67 ± 1.0 0.29 ± 0.4
A2
Duo screw
A 0.15 ± 0.7 0.44 ± 0.8 0.08 ± 0.3 0.77 ± 0.8 0.50 ± 0.7
A3
Mono PLA-pin
A 0.21 ± 0.5 1.13 ± 1.0 0.04 ± 0.1 0.96 ± 0.4 0.25 ± 0.4
A4
Mono screws
A 0.00 ± 0.0 1.33 ± 1.1 0.04 ± 0.1 1.25 ± 1.0 0.17 ± 0.3
B
PLA-pin (Ø 3.5 mm)
B 0.46 ± 0.1 1,19 ± 1,0 0.03 ± 0.1 0.89 ± 1.0 0.67 ± 0.7
C1
Suture anch. PLA-pin
C 0.67 ± 1.2 1.33 ± 1.6 0.00 ± 0.0 0.08 ± 0.2 0.67 ± 0.1
C2
Suture anch. screw
C 0.84 ± 1.6 1.59 ± 1.8 0.00 ± 0.0 0.34 ± 0.3 0.75 ± 0.5
Note that all scores are very low and thus, overall biocompatibility of implants is very high
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assume that it may be related to surgical technique, such as
a too slow introduction of the pins during ultrasound
application provoking an early fusion between plate and
screws. Nevertheless, even if implants were not completely
inserted in 5/12 pins of group A, stability of the triangular
plates was still given and no signs of implant loosening
were detected, neither radiologically or histologically. In
fact, the BoneWelding technology may offer an advan-
tage compared to screws which are not completely inserted.
While a partially inserted screw is expected to become
loose over time, the melting of the polymer into the adja-
cent bone may still provide enough anchorage to secure
mechanical stability [55]. In addition, fusion of the plate
and pins may create a ‘‘locking’’ function such that overall
stiffness of the implant system is increased similar to the
locking screw system as nowadays commonly used in
metal implants (LC-plate system, Synthes Inc. Paoli, USA)
[56–58].
Histology confirmed earlier studies with BoneWelding
technology, where high biocompatibility of the implants
and tolerance to the insertion technology was demonstrated
in the proximal tibia [3], pelvis [1] and the jaw [9] of
sheep, or in clinical cases in human maxillofacial surgery
[2, 23]. Differences to controls were minimal, where the
same material was used but conventional insertion of
screws was applied. In both instances newly formed and
mineralized bone was found lining the implants indepen-
dent of implant or insertion type. Furthermore, the width of
bone remodeling was very similar between test groups and
controls and did not even differ significantly in the central
areas between implants compared to the more peripheral
areas. Especially in the larger bulk implants (group A and
B) new bone formation was also found between the trian-
gular plates and bone surface, as well as in the adjacent
bone cavities, more so in the opened cavities adjacent to
screws. These phenomena can easily be explained by the
absence of melted polymer in those cavities as compared to
the pins that were inserted with ultrasound. The melted
polymer intruded into those cavities providing immediate
stability, however, also inhibiting new bone formation until
degradation of implants occurred. However, the intrusion
of polymer into the nearby opened cavities is not expected
to delay bone healing in case of vertebral fractures, since it
would be only in the immediate environment of the pins.
Cellular reaction to all types of implants and also insertion
technology was minimal and consisted of cell types that are
not only expected with physiological healing of bone
lesions alone [59–62], but also in conjunction with
degradable biomaterials [63–65]. Macrophages and giant
foreign body cells are the cells that are responsible for
material degradation. As long as they are not accompanied
by excessive fibrous capsule formation, clusters of lym-
phocytes and plasma cells leading to granuloma formation,
their presence does not jeopardize overall biocompatibility
[65, 66]. In the current study, no capsule formation and
only very low scores of inflammatory cells including
macrophages and giant foreign body cells were found,
again independent of implant or insertion type. This was
even true, when implants were inserted parallel and close
to each other (group A), or almost touching at the tips
(group B). A slight increase of eosinophils was detected in
suture anchors (group C), which most likely was due to the
suture material rather than the polymer pins or screws,
especially when their small bulk size is considered. Last
but not least, pins or screws intruding into the vertebral
foramen did not cause significant damage to the included
structures, such as the nerve, veins or arteries.
Temperature measurements during insertion confirmed
earlier studies in cadaver bones [3, 46], where no signifi-
cant increase was observed. Even though maximal tem-
perature increase was 11.3C, it was only for a very short
duration (\1 s) and is not expected to significantly damage
the adjacent bone. Also it may be assumed that the most
superficial layer of cells was already damaged through
preparing the hole despite flushing and cooling with saline
during drilling [58, 67–69]. Bone has a rather low heat
conductivity. Therefore, only a very small seam of bone
cells may be subjected to this low melting heat. Compared
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Fig. 9 Results of the in vivo temperature measurements during
insertion of a Ø 3.5 mm polymer pin using BoneWelding technol-
ogy. a A typical temperature record graph and b data displayed in box
plot format
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to the polymerization temperature found in methylmetac-
rylate bone cements [70–74], this temperature increase can
be completely neglected as confirmed by histological
findings.
In conclusion, the BoneWelding technology offers an
attractive alternative for spine surgery to more conven-
tional methods of fixing implants to the vertebral bodies
using polymer screws. The concepts of fixing triangular
polymer plates with polymer pins, using single or con-
verging pins for fracture fixation or suture anchors to attach
soft tissue using ultrasound to solubilize the surface at the
implant-bone surface proved valid, easy to apply, safe for
the vertebral structures and biocompatible for the adjacent
bone, at least at a 2-month follow-up as in the current
study. Long-term application with the same material was
already performed in an earlier study of our group, such
that no further complications regarding biocompatibility
can be expected also in longer follow-ups [3]. Future
clinical or experimental studies will have to show its suc-
cessful application for either fracture fixation, fusion of
vertebral bodies or as suture anchor device in open lami-
nectomy procedures.
Acknowledgments The authors are very thankful for the excellent
histology sections prepared by Sabina Wunderlin, and also
acknowledge SpineWelding AG for funding the study, the technical
support and providing the implants and special instruments.
References
1. Ferguson SJ, Weber U, von Rechenberg B, Mayer J (2006)
Enhancing the mechanical integrity of the implant-bone interface
with BoneWelding technology: determination of quasi-static
interfacial strength and fatigue resistance. J Biomed Mater Res B
Appl Biomater 77:13–20
2. Eckelt U, Nitsche M, Muller A, Pilling E, Pinzer T, Roesner D
(2007) Ultrasound aided pin fixation of biodegradable osteosyn-
thetic materials in cranioplasty for infants with craniosynostosis.
J Craniomaxillofac Surg 35:218–221
3. Langhoff JD, Kuemmerle JM, Mayer J, Weber U, Berra M,
Mueller JM, Kaestner SB, Zlinszky K, Auer JA, von Rechenberg B
(2009) An ultrasound assisted anchoring technique (BoneWelding
Technology) for fixation of implants to bone—a histological
pilot study in sheep. Open Orthop J 3:40–47. doi:10.2174/
1874325000903010040
4. Meissner H, Pilling E, Richter G, Koch R, Eckelt U, Reitemeier B
(2008) Experimental investigations for mechanical joint strength
following ultrasonically welded pin osteosynthesis. J Mater Sci
Mater Med 19:2255–2259
5. Pilling E, Mai R, Theissig F, Stadlinger B, Loukota R, Eckelt U
(2007) An experimental in vivo analysis of the resorption to
ultrasound activated pins (Sonic weld) and standard biodegrad-
able screws (ResorbX) in sheep. Br J Oral Maxillofac Surg
45:447–450
6. Neff A, Muhlberger G, Karoglan M, Kolk A, Mittelmeier W,
Scheruhn D, Horch HH, Kock S, Schieferstein H (2004) Stability
of osteosyntheses for condylar head fractures in the clinic and
biomechanical simulation. Mund Kiefer Gesichtschir 8:63–74
7. Ricalde P, Engroff SL, Von Fraunhofer JA, Posnick JC (2005)
Strength analysis of titanium and resorbable internal fixation in a
mandibulotomy model. J Oral Maxillofac Surg 63:1180–1183
8. Bell RB, Kindsfater CS (2006) The use of biodegradable plates
and screws to stabilize facial fractures. J Oral Maxillofac Surg
64:31–39
9. Mai R, Lauer G, Pilling E, Jung R, Leonhardt H, Proff P,
Stadlinger B, Pradel W, Eckelt U, Fanghanel J, Gedrange T
(2007) Bone welding—a histological evaluation in the jaw. Ann
Anat 189:350–355
10. Reichwein A, Poeschl P, Seemann R, Schicho K, Ewers R (2007)
First Report of an Innovative Angle Stable, Ultrasonic-Guided,
Resorbable Osteosynthesis System for the Treatment of Midfacial
Trauma. J Oral Maxillofac Surg 65:33e33
11. Abdel-Galil K, Loukota R (2008) Fixation of comminuted dia-
capitular fractures of the mandibular condyle with ultrasound-
activated resorbable pins. Br J Oral Maxillofac Surg 46:482–484.
doi:10.1016/j.bjoms.2007.11.025
12. Ciccone WJ, Motz C, Bentley C, Tasto JP (2001) Bioabsorbable
implants in orthopaedics: new developments and clinical appli-
cations. J Am Acad Orthop Surg 9:280–288
13. van Sliedregt A, Hesseling SC, Knook M, de Groot K, van Bli-
tterswijk CA (1991) Intraperitoneal injection of four polylactide
particulates. In: 17th Annual Meeting of the Society for Bioma-
terials. Scottsdale. p 246
14. Ka¨a¨b MJ (2005) Mo¨glichkeiten und Grenzen minimal-invasiver
Schulterchirurgie. In: Medizinischen Fakulta¨t der Charite´—Uni-
versita¨tsmedizin Berlin. FU Berlin, Berlin
15. Prokop A, Jubel A, Helling HJ, Eibach T, Peters C, Baldus SE,
Rehm KE (2004) Soft tissue reactions of different biodegradable
polylactide implants. Biomaterials 25:259–267
16. Couture DE, Branch CL Jr (2004) Posterior lumbar interbody
fusion with bioabsorbable spacers and local autograft in a series
of 27 patients. Neurosurg Focus 16:E8
17. Kohn J, Langer R (1996) Bioresorbable and bioerodible materi-
als. Academic Press, San Diego
18. Rehm KE, Helling HJ, Claes L (1994) Report of the Biode-
gradable Implants Study Group. Aktuelle Traumatol 24:70–73
19. Peltoniemi HH, Tulamo RM, Pihlajamaki HK, Kallioinen M,
Pohjonen T, Tormala P, Rokkanen PU, Waris T (1998) Consol-
idation of craniotomy lines after resorbable polylactide and tita-
nium plating: a comparative experimental study in sheep. Plast
Reconstr Surg 101:123–133
20. Ames CP, Cornwall GB, Crawford NR, Nottmeier E, Chamber-
lain RH, Sonntag VK (2002) Feasibility of a resorbable anterior
cervical graft containment plate. J Neurosurg 97:440–446
21. Claes LE, Ignatius AA, Rehm KE, Scholz C (1996) New biore-
sorbable pin for the reduction of small bony fragments: design,
mechanical properties and in vitro degradation. Biomaterials
17:1621–1626
22. Kandziora F, Pflugmacher R, Scholz M, Schnake K, Lucke M,
Schroder R, Mittlmeier T (2001) Comparison between sheep and
human cervical spines: an anatomic, radiographic, bone mineral
density, and biomechanical study. Spine 26:1028–1037
23. Aryan HE, Lu DC, Acosta FL Jr, Hartl R, McCormick PW, Ames
CP (2007) Bioabsorbable anterior cervical plating: initial multi-
center clinical and radiographic experience. Spine 32:1084–1088
24. Branch CL Jr (1999) Anterior cervical fusion: the case for fusion
without plating. Clin Neurosurg 45:22–24 (discussion 21)
25. Paramore CG, Dickman CA, Sonntag VK (1996) Radiographic
and clinical follow-up review of Caspar plates in 49 patients.
J Neurosurg 84:957–961
26. Wigfield CC, Nelson RJ (2001) Nonautologous interbody fusion
materials in cervical spine surgery: how strong is the evidence to
justify their use? Spine 26:687–694
1834 Eur Spine J (2011) 20:1821–1836
123
27. Kostuik JP, Connolly PJ, Esses SI, Suh P (1993) Anterior cervical
plate fixation with the titanium hollow screw plate system. Spine
18:1273–1278
28. Zaveri GR, Ford M (2001) Cervical spondylosis: the role of
anterior instrumentation after decompression and fusion. J Spinal
Disord 14:10–16
29. Dennis S, Watkins R, Landaker S, Dillin W, Springer D (1989)
Comparison of disc space heights after anterior lumbar interbody
fusion. Spine 14:876–878
30. Goh JC, Wong HK, Thambyah A, Yu CS (2000) Influence of
PLIF cage size on lumbar spine stability. Spine 25:35–39 (dis-
cussion 40)
31. Zhang XL, Wang SJ, Wang YL, Liu XQ (2008) The comparative
study of effect of a modified open door laminoplasty using anchor
method on axial symptoms and cervical curvature. Zhongguo Gu
Shang 21:759–761
32. Williams DF (2008) On the mechanisms of biocompatibility.
Biomaterials 29:2941–2953
33. Vaccaro AR, Carrino JA, Venger BH, Albert T, Kelleher PM,
Hilibrand A, Singh K (2002) Use of a bioabsorbable anterior
cervical plate in the treatment of cervical degenerative and
traumatic disc disruption. J Neurosurg 97:473–480
34. Vaccaro AR, Madigan L (2002) Spinal applications of bioab-
sorbable implants. Orthopedics 25:s1115–s1120
35. Brooke NS, Rorke AW, King AT, Gullan RW (1997) Preliminary
experience of carbon fibre cage prostheses for treatment of cer-
vical spine disorders. Br J Neurosurg 11:221–227
36. Schulte M, Schultheiss M, Hartwig E, Wilke HJ, Wolf S,
Sokiranski R, Fleiter T, Kinzl L, Claes L (2000) Vertebral body
replacement with a bioglass-polyurethane composite in spine
metastases—clinical, radiological and biomechanical results. Eur
Spine J 9:437–444
37. Thomas KA, Toth JM, Crawford NR, Seim HB 3rd, Shi LL,
Harris MB, Turner AS (2008) Bioresorbable polylactide inter-
body implants in an ovine anterior cervical discectomy and fusion
model: three-year results. Spine 33:734–742
38. Cornwall GB, Ames CP, Crawford NR, Chamberlain RH, Rubino
AM, Seim HB 3rd, Turner AS (2004) In vivo evaluation of bi-
oresorbable polylactide implants for cervical graft containment in
an ovine spinal fusion model. Neurosurg Focus 16:E5
39. Krijnen MR, Mullender MG, Smit TH, Everts V, Wuisman PI
(2006) Radiographic, histologic, and chemical evaluation of bi-
oresorbable 70/30 poly-L-lactide-CO-D, L-lactide interbody
fusion cages in a goat model. Spine 31:1559–1567
40. Smit TH, Krijnen MR, van Dijk M, Wuisman PI (2006) Appli-
cation of polylactides in spinal cages: studies in a goat model.
J Mater Sci Mater Med 17:1237–1244
41. Lowe TG, Coe JD (2002) Bioresorbable polymer implants in the
unilateral transforaminal lumbar interbody fusion procedure.
Orthopedics 25:s1179–s1183 (discussion s1183)
42. Austin RC, Branch CL Jr, Alexander JT (2003) Novel bioab-
sorbable interbody fusion spacer-assisted fusion for correction of
spinal deformity. Neurosurg Focus 14:e11
43. Kuklo TR, Rosner MK, Polly DW Jr (2004) Computerized
tomography evaluation of a resorbable implant after transfora-
minal lumbar interbody fusion. Neurosurg Focus 16:E10
44. Leutenegger CM, Rechenberg Bv, Zlinsky K, Mislin C, Akens M,
Auer JA, Lutz H (1999) Quantitative real time PCR for equine
cytokines in nondecalcified bone tissue embedded in methyl
methacrylate. Calcif Tissue Int 65:437–444
45. Engelhardt P, Gasser JA (1995) LEICA HistoDur: A Resin
Specifically Designed for the Histology of Mineralized Tissues.
In: Leica Applications Brief. Sandoz Pharma LTD, Osteoporosis
Research, 4002 Basel, Switzerland
46. Heidenreich D, Wenger A, Mu¨ller A, Hack E, Langhoff JD, von
Rechenberg B (2008) Temperature characterization of
ultrasonically inserted polymer implants (BoneWelding Tech-
nology) in the sheep vertebral body—an in vitro and in vivo
study. In: European Spine Journal_3 Deutscher Wirbelsa¨ulen-
kongress Ulm, Germany, pp 1584–1585
47. Heidenreich D, Weber U, Seiler P, Ba¨chi B, Wunderlin S,
Langhoff JD, von Rechenberg B (2008) An experimental in vivo
analysis of the bone response to ultrasonically inserted implants
(BoneWelding Technology) in the sheep spine. In: European
Spine Journal_3 Deutscher Wirbelsa¨ulenkongress Ulm, Germany,
p 1570
48. van Dijk M, Smit TH, Sugihara S, Burger EH, Wuisman PI
(2002) The effect of cage stiffness on the rate of lumbar interbody
fusion: an in vivo model using poly(l-lactic Acid) and titanium
cages. Spine 27:682–688
49. Pflugmacher R, Eindorf T, Scholz M, Gumnior S, Krall C,
Schleicher P, Haas NP, Kandziora F (2004) Biodegradable cage.
Osteointegration in spondylodesis of the sheep cervical spine.
Chirurg 75:1003–1012
50. Bostman O, Hirvensalo E, Partio E, Tormala P, Rokkanen P
(1991) Impact of the use of absorbable fracture fixation implants
on consumption of hospital resources and economic costs.
J Trauma 31:1400–1403
51. Bostman OM (1996) Metallic or absorbable fracture fixation
devices. A cost minimization analysis. Clin Orthop Relat Res
31(10):233–239
52. Brodke DS, Gollogly S, Alexander Mohr R, Nguyen BK, Dailey
AT, Bachus AK (2001) Dynamic cervical plates: biomechanical
evaluation of load sharing and stiffness. Spine 26:1324–1329
53. Kuemmerle JM, Oberle A, Oechslin C, Bohner M, Frei C, Bo-
ecken I, von Rechenberg B (2005) Assessment of the suitability
of a new brushite calcium phosphate cement for cranioplasty—an
experimental study in sheep. J Craniomaxillofac Surg 33:37–44
54. Theiss F, Apelt D, Brand B, Kutter A, Zlinszky K, Bohner M,
Matter S, Frei C, Auer JA, von Rechenberg B (2005) Biocom-
patibility and resorption of a brushite calcium phosphate cement.
Biomaterials 26:4383–4394
55. Ferguson SJ, Weber U, von Rechenberg B, Mayer J (2005)
Enhancing the mechanical integrity of the implant-bone interface
with BoneWelding(R) technology: determination of quasi-static
interfacial strength and fatigue resistance. J Biomed Mater Res B
Appl Biomater 77:13–20
56. Dipaola CP, Jacobson JA, Awad H, Conrad BP, Rechtine GR 2nd
(2008) Screw orientation and plate type (variable- vs fixed-angle)
effect strength of fixation for in vitro biomechanical testing of the
Synthes CSLP. Spine J 8:717–722. doi:10.1016/j.spinee.2007.06.016
57. Dvorak MF, Pitzen T, Zhu Q, Gordon JD, Fisher CG, Oxland TR
(2005) Anterior cervical plate fixation: a biomechanical study to
evaluate the effects of plate design, endplate preparation, and
bone mineral density. Spine 30:294–301. doi:00007632-20050
2010-00008[pii]
58. Spivak JM, Chen D, Kummer FJ (1999) The effect of locking
fixation screws on the stability of anterior cervical plating. Spine
24:334–338
59. Nunamaker DM (1998) Experimental models of fracture repair.
Clin Orthop Relat Res 355(suppl):S56–S65
60. Nunamaker DM, Perren SM (1979) A radiological and histo-
logical analysis of fracture healing using prebending of com-
pression plates. Clin Orthop Relat Res 138:167–174
61. Rahn BA, Gallinaro P, Baltensperger A, Perren SM (1971) Pri-
mary bone healing. An experimental study in the rabbit. J Bone
Joint Surg Am 53:783–786
62. Rechenberg Bv, Auer JA (2006) Bone grafts and bone replace-
ments. In: Auer JA, Stick JA (eds) Equine Surgery. Saunders
Elsevier, USA, pp 1030–1036
63. von Rechenberg B, Akens MK, Nadler D, Bittmann P, Zlinszky
K, Kutter A, Poole AR, Auer JA (2003) Changes in subchondral
Eur Spine J (2011) 20:1821–1836 1835
123
bone in cartilage resurfacing—an experimental study in sheep
using different types of osteochondral grafts. Osteoarthr Cartil
11:265–277
64. von Rechenberg B, Akens MK, Nadler D, Bittmann P, Zlinszky
K, Neges K, Auer JA (2004) The use of photooxidized, mush-
room structured osteochondral grafts for cartilage resurfacing—a
comparison to photooxidized cylindrical grafts in an experi-
mental study in sheep. Osteoarthr Cartil 12:201–216
65. Nuss K, von Rechenberg B (2008) Biocompatibility issues with
modern implants in bone—a review for clinical orthopedics.
TOORTHJ 2:62–74. doi:10.2174/1874325000802010066
66. Lassus J, Salo J, Jiranek WA, Santavirta S, Nevalainen J, Mat-
ucci-Cerinic M, Horak P, Konttinen Y (1998) Macrophage acti-
vation results in bone resorption. Clin Orthop Relat Res 138:7–15
67. Davidson SR, James DF (2003) Drilling in bone: modeling heat
generation and temperature distribution. J Biomech Eng
125:305–314
68. Sharawy M, Misch CE, Weller N, Tehemar S (2002) Heat gen-
eration during implant drilling: the significance of motor speed.
J Oral Maxillofac Surg 60:1160–1169. doi:S0278239102
000940[pii]
69. Fuchsberger A (1988) Damaging temperature during the
machining of bone. Unfallchirurgie 14:173–183
70. Jefferiss CD, Lee AJ, Ling RS (1975) Thermal aspects of self-
curing polymethylmethacrylate. J Bone Joint Surg Br 57:511–518
71. Berman AT, Reid JS, Yanicko DR Jr, Sih GC, Zimmerman MR
(1984) Thermally induced bone necrosis in rabbits. Relation to
implant failure in humans. Clin Orthop Relat Res 284–292
72. Zygmunt S, Toksvig-Larsen S, Saveland H, Rydholm U, Ryd L
(1992) Hyperthermia during occipito-cervical fusion with acrylic
cement. Epidural thermometry in 23 cases. Acta Orthop Scand
63:545–548
73. Deramond H, Wright NT, Belkoff SM (1999) Temperature ele-
vation caused by bone cement polymerization during verteb-
roplasty. Bone 25:17S–21S
74. Hsieh PH, Tai CL, Liaw JW, Chang YH (2008) Thermal damage
potential during hip resurfacing in osteonecrosis of the femoral
head: an experimental study. J Orthop Res 26:1206–1209. doi:
10.1002/jor.20639
1836 Eur Spine J (2011) 20:1821–1836
123
